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NATIONAL AEBONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-1196 

I ON NUCLEATE-BOILING EBULLITION 

A STUDY OF THE EFFECT OF MULTI-G ACCELERATIONS 

improved cooling c a p a b i l i t i e s  over single-phase convective processes. One of the 

By Robert W .  Graham and Robert C .  Hendricks 

SUMMARY 

The e f f e c t s  of multi-g accelerat ions directed toward a heater surface f o r  
near-saturated and subcooled nucleate pool bo i l ing  were studied i n  a centrifuge. 
High-speed motion p ic tures  and heat- t ransfer  da ta  were obtained i n  the tes t  pro- 
gram. Subcooling e f f e c t s  were observed t o  be more s igni f icant  than t h e  accelera- 
t i o n  e f f e c t s .  Acceleration d id  not appreciably influence the  overa l l  heat t rans-  
fer when the nucleate boi l ing  w a s  characterized by vapor columns or  bubble con- 
glomerates. Acceleration did, however, influence the  heat t r a n s f e r  i n  the vicin-  
i t y  of a s i te  for d i s c r e t e  bubbles near the thermal threshold of nucleate b o i l -  
ing.  For t h i s  case, maximum bubble s ize ,  growth r a t e ,  frequency, and s i t e  a c t i -  
vat ion w e r e  influenced by the  accelerat ion magnitude. 

INTRODUCTION 

I n  appl icat ions of bo i l ing  heat t r a n s f e r  t o  miss i les  or space vehicles,  
where the  body force may range from zero t o  several  g ' s ,  the  e f f e c t  of t h i s  var- 
iance i n  body-force magnitude and d i r e c t i o n  must be assessed. References 1 t o  3 
contain s tud ies  of pool bo i l ing  of water i n  centr i fuge devices where accelerat ion 
forces grea te r  than normal gravi ty  were d i rec ted  toward the  heating element. 
Both repor t s  invest igated the shape of the boi l ing  curve (heat  f l u x  as a function 
of temperature difference)  over a range of accelerat ions.  
por t s  the  e f f e c t s  of accelerat ion on burnout. 
studied, the magnitude of the  burnout f l u x  i s  proportional t o  the  one-fourth 
power of the  accelerat ion when the accelerat ion force i s  grea te r  than 10 g ' s .  
The s c a t t e r  i n  the  burnout-heat-flux r e s u l t s  w a s  within the  limits predicted by 
reference 4 (pp. 15-46) .  

Reference 3 also re -  
For the  pool and heater geometry 

Reference 1 shows p a r t i c u l a r  i n t e r e s t  i n  the  e f f e c t  of accelerat ion on the 
The d a t a  of reference 1 

a r e  compared with the  equation of Borishanskii (ref.  5),  which w a s  developed t o  
predict  the maximum heat f l u x  f o r  nucleate pool bo i l ing .  The experimental peak 
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heat f l u x  d id  seem t o  follow the accelerat ion term ( a / g ) O ~ ~ ~  where a is  accel .  
e ra t ion  and g i s  gravi ta t iona l  accelerat ion.  Another i n t e r e s t i n g  aspect d i s -  
cussed i n  reference 1 i s  the e f f e c t  of accelerat ion on the number of nucleation 
s i t e s .  It i s  concluded t h a t ,  f o r  a moderate constant heat f lux,  fewer s i t e s  werc 
ac t ive  as the accelerat ion w a s  increased. A t  high heat f luxes,  accelerat ion had 
l i t t l e  e f f e c t  on the  number of ac t ive  s i t e s .  

The pool-boiling mechanism at  zero gravi ty  or near zero gravi ty  w a s  examine( 
experimentally; the r e s u l t s  a r e  presented i n  reference 6.  The absence of the 
buoyancy force a t  zero gravi ty  a r res ted  the e b u l l i t i o n  process, and a f i lml ike  
phenomenon w a s  evident. Burnout da ta  taken a t  s m a l l  accelerat ions seemed t o  f o l .  
low the  one-fourth power of the  accelerat ion.  A t  precisely zero gravi ty ,  the 
burnout f l u x  could not be predicted by this cor re la t ion  because the  cor re la t ion  
would predic t  t h a t  burnout would occur a t  zero heat f lux .  

It i s  evident from the  work t h a t  has been done t h a t  var ia t ions  i n  the  buoy- 
ancy force can produce appreciable e f f e c t s  on the  nucleate-boiling heat- t ransfer  
r e s u l t s .  
any pronounced e f f e c t s  on the  model of the  nucleate-boiling mechanism. Such i m -  
portant f a c t o r s  as bubble growth r a t e ,  bubble frequency, number of nucleation 
s i t e s ,  m a x i m u m  bubble s ize ,  and waiting period w i l l  be examined f o r  t h e i r  depend 
ence upon (or independence o f )  t h e  magnitude of the body force.  
w i l l  serve as a t e s t  of the model postulated t o  describe the nucleate-boiling 
me c hani sm . 

The purpose of t h i s  report  i s  t o  determine whether the body force has 

These r e s u l t s  

Included i n  t h i s  repor t  a r e  d a t a  f o r  heat r a t e  as a function of temperature 
difference (surface minus bulk)  over a range of accelerations.  
d a t a  w i l l  p e r t a i n  t o  a very ac t ive  boi l ing  surface and some t o  a surface where 
only an i s o l a t e d  bubble s i t e  i s  ac t ive .  The e f f e c t  of accelerat ion on these two 
cases w i l l  be  discussed. No "burnout" conditions were studied. 

Some of these 

The degree of subcooling w a s  var ied t o  evaluate i t s  influence on the  boilin1 
curves (heat  f l u x  as a function of temperature d i f fe rence) .  The r e l a t i v e  i n f l u -  
ence of subcooling and accelerat ion on the boi l ing  curves i s  discussed. 

Shadowgraph motion-picture photography w a s  used t o  examine the  e f f e c t  of ac 
ce le ra t ion  on t h e  c i r c u l a t i o n  of t h e  f l u i d  adjacent t o  the heating s t r i p .  
Motion-picture supplement C-218 has been prepared and i s  avai lable  on loan. 
request card and a descr ipt ion of the f i l m  a r e  included a t  the back of t h i s  
repor t .  

A 

APPARATUS 

Figure l ( a )  shows the 4-foot-arm centrifuge apparatus used t o  simulate the 
varying body forces  i n  the  f l u i d .  
speed w a s  measured on a tachometer. 
mounted adjacent t o  the pool b o i l e r  were used i n  photographing the bubbles. 

The arm w a s  ro ta ted  by an air turbine,  and thc 
The high-speed movie camera and the lamp 

The tank and the  heating element a r e  shown i n  f igure  l ( b ) .  The tank w a s  ap, 
proximately 2 quarts  i n  volume and w a s  equipped with observation and illuminati01 
windows f o r  the photography. The tank w a s  mounted on a f ree- ro ta t ing  trunnion 
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arrangement t h a t  automatically enabled the  tank-heater assembly t o  be oriented so 
t h a t  the  resolved accelerat ion vector (gravi ty  plus cent r i fuga l )  w a s  perpendic- 
ular 'GO the  heater surface.  The tank w a s  so constructed t h a t  e i t h e r  a p a r t i a l  
vacuum or  a posi t ive gage pressure could be maintained above the  l i q u i d  s i r f a c e .  
This fea ture  was valuable i n  es tabl ishing the thermodynamic s t a t e  of the water 
f o r  various boi l ing  conditions.  

The heating element w a s  a t h i n  Chrome1 ribbon mounted over a bakel i te  block. 
The ribbon w a s  tension-mounted with springs on each end and w a s  cemented t o  the 
surface of the b a k e l i t e  block. The purpose of the tension mounting w a s  t o  pre- 
vent buckling of the s t r i p  when it expanded during heating. By v i r t u r e  of t h i s  
mounting, the ribbon heated the f l u i d  from one s ide only. The heat f l u x  from 
t h i s  heater w a s  e s s e n t i a l l y  constant over the e n t i r e  length of the ribbon. For 
all the  experimental runs reported herein, the accelerat ion vector  w a s  d i rected 
toward the heater surface i n  contact with the  water. The aforementioned film 
supplement i l l u s t r a t e s  how film boi l ing  'can be induced by reversing the d i rec t ion  
of the  accelerat ion vector.  

A port ion of the experimental program w a s  devoted t o  examining the e f f e c t  of 
the tank-heater geometry on the boi l ing  process. 
( f i g s .  l ( c )  and ( d ) )  . 
s t r i c t  the c i rcu la t ion  pa t te rns  of the  f l u i d  immediately above the  heater ribbon. 
Resul ts  from tank-heater geometry with and without sh ie lds  a r e  compared. 

%TO geometries were u t i l i z e d  
The l a t t e r  has a transparent shield mounted so as t o  r e -  

The heating elements were instrumented with small-gage thermocouples -to 
measure the  surface temperature. Thermocouples were a l s o  used t o  monitor the 
f l u i d  bulk temperature. 
vented t o  atmosphere; thus the  f l u i d  pressure at  the  tank vent w a s  assumed t o  be 
1 atmosphere. For those runs i n  which the tank w a s  run a t  p a r t i a l  vacuum, a mer- 
cury manometer w a s  used t o  measure the  pressure before and a f t e r  the  run. The 
e l e c t r i c a l  power applied t o  the s t r i p  configuration w a s  obtained from voltage and 
current measurements. Voltage-tap leads were soldered t o  the heating s t r i p  t o  
ge t  a more precise  measurement of the power d iss ipa ted  i n  the  s t r i p .  All t h e  
measurements monitored w h i l e  t h e  centrifuge w a s  ro ta t ing  w e r e  brought through 
mercury s l i p r i n g s  and recorded e i t h e r  on an oscil lograph or by a d i g i t a l  v o l t -  
meter. 

For most of the runs reported herein, t h e  tank w a s  

PROCEDURE 

I n  a l l  the t e s t s  i n  which the heating s t r i p  was instrumented, t h e  f l u i d  used 
w a s  d i s t i l l e d ,  degassed water. I n  some preliminary runs, e thyl  alcohol w a s  used. 
The procedure of f i l l i n g  the tank with d i s t i l l e d ,  degassed water was followed 
carefu l ly  t o  prevent contamination from the air .  

Essent ia l ly ,  two types of running procedure were followed i n  gathering data .  
One w a s  t o  run the centrifuge a t  a given speed (constant accelerat ion)  and then 
vary t h e  power t o  the s t r i p ;  t h e  other w a s  t o  vary the centr i fuge speed while 
keeping the  power constant.  

The degree of subcooling w a s  r i g i d l y  controlled throughout t h e  experimental 
procedure by continuously monitoring the bulk temperature. The increased head of 
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f l u i d  on the  heater ribbon at high mult i -g 's  w a s  compensated f o r  by increasing 
-the bulk temperature so t h a t  surface boi l ing  occurred a t  a subcooling t h a t  w a s  
comparable t o  the 1-g case. Cartridge heaters  within the tank were used t o  con- 
t r o l  -the bulk temperature. These heaters  were always off  during a d a t a  run. 

Most of -the d a t a  w a s  obtained within the heat-flux range of 0 t o  0 .27  Btu 
The accelerat ion w a s  varied from 1 t o  10 g ' s ,  and per square inch per second. 

the pressure w a s  maintained at 1 atmosphere. 
ered at a p a r t i a l  vacuum (3  cm Hg a b s ) .  
-the bulk temperature vas s e t  at approximately 200° and 180° F, respectively,  i n  
order t o  assess  the  subcooling e f f e c t s .  A t  the  p a r t i a l  vacuum condition, the  
f l u i d  temperature w a s  maintained around room temperature f o r  near-saturation con- 
d i t i o n s .  

A l imited amount of d a t a  w a s  gath- 
For the  t e s t  conditions a t  1 atmosphere, 

~ RESULTS AND DISCUSSION 

I n  t h i s  experimental program heat flux, acceleration, bulk temperature ( o r  
degree of subcooling), and heater geometry were var ied independently. 
convenience of the reader,  the  pr inc ipa l  e f f e c t s  observed w i l l  be sor ted out and 
related t o  one o r  more of these parameters i n  the  following discussion. 

For the  

Effec t  of Subcooling 

The boiling-heat-transfer l i t e r a t u r e  states t h a t  t h e  degree of subcooling 

For example, f igure  2 shows a family of bo i l ing  curves ob- 
grea t ly  influences the  nucleate-boiling curve (heat  f lux as a function of temper- 
a-Lure difference) .  
ta ined from one of the  heater ribbons used i n  t h i s  invest igat ion.  It i s  apparent 
from this  f igure  t h a t  only a s m a l l  change i n  the  subcooling (about 30 F max.) 
produced appreciable changes i n  the b o i l i n g  curves. Consequently, g rea t  care w a s  
exercised t o  control  the  degree of subcooling within a narrow tolerance through- 
out the  experimental program. Without such care it might be d i f f i c u l t  t o  discern 
whether changes i n  the  b o i l i n g  curves were a t t r i b u t a b l e  t o  accelerat ion o r  sub- 
cooling e f f e c t s .  

Also shown i n  f igure  2 i s  a "hysteresis" curve t h a t  i l l u s t r a t e s  the  sensi-  
t i v i t y  of the b o i l i n g  curves t o  t h e  manner i n  which they a r e  developed experimen- 
t a l l y .  
vious t h a t  the  two curves a r e  d i f f e r e n t  depending on whether the mode of opera- 
t i o n  i s  from low-heat r a t e  t o  high-heat r a t e  or vice versa .  Evidently the  h is -  
t o r y  of the  thermal l a y e r  a f f e c t s  t h e  boi l ing  process. 
changed by t h e  experimental manner of approach t o  a given point on the  boi l ing  
curve. 

The arrows indica te  the  "path" taken i n  obtaining the curves. It i s  ob- 

This h i s tory  can be 

While t h i s  hys te res i s  phenomenon i s  not adequately understood, it i s  postu- 
High-speed 

These pictures  

l a t e d  t h a t  t h e  thermal sublayer i s  sens i t ive  t o  the heating h is tory .  
schl ieren photographs of the  thermal layer  ( r e f .  7 )  i l l u s t r a t e  the dynamic nature 
of -the thermal l a y e r  before and a f t e r  a bubble e b u l l i t i o n  event. 
ind ica te  t h a t  t h e  heating h is tory  influences the growth r a t e  and thermal s t a t e  of 
the  sublayer. 
e n t i a l  i n  determining s i t e  ac t iva t ion .  

I n  reference 8, the  nature of the  sublayer i s  shown t o  be i n f l u -  
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A l l  of the boi l ing  curves of f igures  2 t o  6, with the  exception of the  hys- 
t e r e s i s  curve i n  f igure  2,  have been developed by allowing the heat f l u x  t o  in-  
crease progressively. 

Ef fec t  of Acceleration on Boiling (Active Surface) 

The pr inc ipa l  object  of the research program discussed herein w a s  t o  ascer- 
t a i n  i f  accelerat ion (body force)  had a marked e f f e c t  on nucleate pool boi l ing.  
It w a s  observed i n  a preliminary study t h a t  the or ien ta t ion  of the accelerat ion 
vector (toward or away from the heater surface) had a marked e f f e c t  on the  b o i l -  
ing.  
occur a t  a heat f l u x  generally associated with nucleate boi l ing  when ordinary 
gravi ty  w a s  d i rec ted  toward the heater .  

By d i rec t ing  t h e  vector away from the heater,  film boi l ing  conditions -would 

Figure 3 i s  a p l o t  of heat f lux as a function of the difference between sur- 
face and bulk temperatures f o r  a range of accelerat ions.  This surface tempera- 
t u r e  represents  the readings of one thermocouple at  a sect ion of a heater  where 
several  s i t e s  were very act ive.  (High-speed motion pictures  showed considerable 
b o i l i n g  a c t i v i t y .  ) The bulk temperature was careful ly  control led t o  produce the  
same amount of subcooling over the e n t i r e  range of accelerat ion values.  
shows t h a t  increased accelerat ion did tend t o  -translate the b o i l i n g  curve upward 
t o  higher heat f lux  for  a given temperature difference.  This t r a n s l a t i o n  i s  at-  
t r i b u t e d  t o  enhanced na tura l  convection heat t r a n s f e r  over the nonboiling areas 
of the heater .  More w i l l  be sa id  about na tura l  convection i n  discussing f i g -  
ures  5, 6, and 1 2 .  

Figure 3 

The boi l ing  curves i n  f igure  3 all show the same general t rends i n  curva- 
t u r e .  A s  was mentioned e a r l i e r ,  there  were many ac t ive  s i t e s  i n  t h i s  sect ion of 
the  heater .  
mechanism w a s  wel l  advanced beyond incipient  bo i l ing  t o  a condition where vapor 
columns were prevalent. High-speed photography showed t h a t  'chese vapor columns 
were ac t ive  over the e n t i r e  range of accelerat ions invest igated.  Consequently, 
the  v a r i a t i o n  i n  accelerat ion had l i t t l e  e f f e c t  on t h i s  type of bo i l ing  mecha- 
nism, which explains t h e  general s i m i l a r i t y  of t h e  boi l ing  curves over a range of 
accelerat ions.  

Also, f o r  the grea te r  portion of the boi l ing  curves the  boi l ing  

Comparison of Subcooling and Acceleration Effec ts  

It i s  a l s o  i n t e r e s t i n g  t o  compare the r e l a t i v e  e f f e c t s  of accelerat ion and 
subcooling on boi l ing ,  which i s  characterized by vapor columns and bubble con- 
glomerates. Figure 4 shows d a t a  f o r  t h i s  type of b o i l i n g  taken at 1 2 O  and 32O 
subcooling f o r  both 3 and 9 g ' s  of accelerat ion.  
curves t h a t  the subcooling e f fec ts  a r e  pronounced, whereas the accelerat ion ef- 
f e c t s  a re  almost negl igible .  
ce le ra t ion  does no-t g rea t ly  a f f e c t  the boi l ing  mechanism f o r  heat-flux conditions 
wel l  beyond the  inc ip ien t  bo i l ing  threshold.  

It i s  very c l e a r  from these 

This f igure provides fur ther  v e r i f i c a t i o n  t h a t  ac- 
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Effec t  of Acceleration on Inc ip ien t  Boiling 

The observation made concerning the  s m a l l  e f f e c t  of acce lera t ion  pe r t a ins  t o  
a pa r t i cu la r  regime of the  bo i l ing  mechanism (vapor columns); it does not neces- 
s a r i l y  apply t o  the  upper l i m i t  of nucleate boi l ing ,  which was not inves t iga ted  
herein,  or t o  t he  inc ip i en t  point  vhere a d i sc re t e  number of s i t e s  a r e  j u s t  be- 
coming ac t ive .  The l a t t e r  s i t u a t i o n  w a s  a l s o  observed i n  these experiments. 
Figure 5 contains  bo i l ing  curves obtained from a d i f f e r e n t  segment of t he  same 
heater  s t r i p .  For some reason (probably surface condi t ions) ,  t h i s  segment w a s  
comparatively dormant. The 1-g curve ( f i g .  5)  shows t h a t  a bo i l ing  phenomenon 
began a t  a temperature difference of 46.5O. 
f e r r ed  by f r e e  convection only. For 3 g ' s  of accelerat ion,  the  s i t e  d id  not be- 
come ac t ive ,  and the free-convection mode continued beyond the  temperature d i f -  
ference and heat flu:: where bo i l ing  began f o r  the 1-g case.  I n  references 7 
and 8, i t  i s  postulated t h a t  the  inc ip i en t  conditions f o r  bo i l i ng  require  the  de- 
velopment of a thermal l aye r  of d e f i n i t e  thickness and thermal condition such 
t h a t  heat can be t r ans fe r r ed  i n t o  the  bubble nucleus. 
t h a t  confirm t h i s  hypothesis and theory.  

Up t o  t h a t  point  heat  was t r ans -  

Reference 8 presents  da ta  

Perhaps the  increased na tura l  c i r cu la t ion  of the  f l u i d  at  a grea te r  acceler-  
a t ion  thinned the  thermal sublayer, and thus it could not support a nucleus. 
Consequently, a na tu ra l  convection phenomenon pe r s i s t ed  t o  higher values  of tem- 
perature  d i f fe rence .  This subject  w i l l  be more thoroughly discussed i n  the  sec- 
t i o n  "Si te  Activation." It i s  i n t e r e s t i n g  t o  observe t h a t  t he  l e v e l  of the  nat-  
u r a l  convection curve for 3 g ' s  i s  above the  1-g curve ( f i g .  5 ) .  
expected as prescr ibed by a parameter l i k e  the Grashof number. I n  f a c t ,  natural-  
convection cor re la t ions ,  which s t i p u l a t e  t h a t  the  Grashof number should be r a i sed  
t o  -the 0.25 power, p red ic t  an increase i n  heat  t r ans fe r  of approximately 30 per- 
cent i n  going from 1 t o  3 g ' s ,  which i s  approximately what f igu re  5 shows. It i s  
i n t e r e s t i n g  t o  observe t h a t  t he  burnout s tud ies  i n  references 1 and 3 showed the 
same dependence on acce lera t ion .  

This would be 

It das pointed ou-t i n  the  sec t ion  e n t i t l e d  "Effect of Acceleration on Boil-  
ing  (Active Surface)" t h a t  acce le ra t ion  d id  tend t o  t r a n s l a t e  t he  bo i l ing  curve 
( see  f i g .  3 ) ,  upward t o  higher heat f l u x  f o r  a given temperature d i f fe rence .  
This was a t t r i b u t e d  t o  a natural-convection component s ince the  e n t i r e  heating 
surface i s  not experiencing e b u l l i t i o n  at one time, even i n  very ac t ive  bo i l ing .  
It i s  speculated t h a t  t h i s  natural-convection component i s  s ign i f i can t  near the  
burnout condition. Consequently, t he  enhanced burnout heat f lux induced by 
multi-g acce lera t ions  may be a t t r i b u t e d  t o  a natural-convection component. The 
burnout r e s u l t s  of references 1 and 3 ind ica te  t h a t  the  burnout f l u x  i s  dependent 
on (a/g)  O* 25, which is  the  same natural-convection dependence on acce lera t ion  
noted herein.  

Ef fec t  of Shield Geometry 

A s  w a s  mentioned the  APPARATUS sect ion,  the  geometry of the  heater-tank 
assembly w a s  al-tered by the  in se r t ion  of a sh ie ld  above the  heater  block. 
parison of -the heat- t ransfer  d a t a  f o r  the  shielded and unshielded condi t ions d id  
show t h a t  t h i s  geometry change influenced the  experimental r e s u l t s .  Figure 6 
con-tains these comparative d a t a  over a range of accelerat ion.  It i s  apparent 

Com- 
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t h a t  the heat-flux values f o r  a given temperature difference a re  higher f o r  the 
unshielded geometry than the shielded. Perhaps the "chimney" e f f e c t  imposed by 
the sh ie lds  depresses the b o i l i n g  mechanism, and n a t u r d  convection becomes a 
more s igni f icant  contributor t o  the  overa l l  mechanism. Certainly the  slope of 
the shielded curve i n  figure 6 i s  more similar t o  that of the  free-convection 
curves ( f i g .  5 )  than t h a t  of the unshielded curve. 
shielded geometry ind ica tes  a grea te r  contribution by a b o i l i n g  mechanism. 

The steeper slope of the  un- 

Figure 6 can be in te rpre ted  as fur ther  evidence t h a t  na tura l  convection i s  a 
determining fac tor  i n  es tab l i sh ing  the l e v e l  of the boi l ing  curves for  any heater 
geometry ( f i g .  3 ) .  A heating surface t h a t  i s  producing a b o i l i n g  phenomenon may 
be thought of as comprising areas  where e b u l l i t i o n  controls  the heat t r a n s f e r  
( t h e  v i c i n i t y  of ac t ive  s i t e s )  and other  areas where na tura l  convection controls  
the  heat t ransfer .  The average heat- t ransfer  coef f ic ien t  i s  an integrated aver- 
age of these two kinds of areas .  

Also of i n t e r e s t  i n  f igure  6 i s  the similar spread of the da ta  f o r  both ge- 
ometries, which i s  a t t r i b u t e d  t o  accelerat ion e f f e c t s .  Consequently, i n  assess- 
ing the  accelerat ion e f f e c t s  on the b o i l i n g  curves, it does not matter which ge- 
ometry i s  employed. 

Bubble Growth 

Figure 7 contains fami l ies  of bubble-growth curves f o r  constant heat f l u x  
and subcooling with accelerat ion as a parameter. All of the bubbles emanated 
from one s i t e  on the  heating s t r i p .  
bon, the  bubbles were oblate  spheroids. The pr inc ipa l  a x i a l  dimensions were 
measured, and the volume of the  oblate  spheroid bubbles w a s  computed as a func- 
t i o n  of time. The radius  of a perfect  spheroid t h a t  would displace the same vol- 
ume w a s  computed f o r  each increment of time. This radius i s  the ordinate  of 
f igure  7 .  

During the growth process on the  heater  r i b -  

The stat is t ical  nature of the growth curves i s  t o  be expected. A s  discussed 
i n  reference 8, the e b u l l i t i o n  process i s  sens i t ive  t o  the random nature of the  
thermal l a y e r  adjacent t o  the heating swface ,  and t h i s  r e f l e c t s  i n  the bubble 
growth. 

The d a t a  shown i n  f igure  7 do show t h a t  there  i s  a d e f i n i t e  t rend f o r  the  
maximum bubble s i z e  and growth r a t e  t o  diminish as t h e  accelerat ion i s  increased. 
The i n i t i a l  growth r a t e s  seem s i m i l a r ,  but  at  l a t e r  times the  bubbles grow slower 
when t h e  accelerat ion i s  grea te r .  Perhaps the  enhanced na tura l  c i r c u l a t i o n  of 
the f l u i d  surrounding a bubble at grea te r  accelerat ions tends t o  d r a w  heat away, 
a c t u a l l y  condenses some of the vapor, and thus i n h i b i t s  growth. The e f f e c t  of 
the c i r c u l a t i o n  on the  thickness of the thermal l a y e r  i s  discussed i n  the sec t ion  
If S i t  e Activation. If 

A port ion of the  f i lm supplement t o  t h i s  repor t  i s  devoted t o  shadowgraph 
movies of the f l u i d  above the  heating s t r i p .  The c i rcu la t ion  of the  f l u i d  above 
the  s t r i p  i s  apparent. A s  would be expected, the 10-g case exhib i t s  a more pro- 
nounced c i r c u l a t i o n  pa t te rn .  This i s  obvious i n  the  films despi te  t h e  f a c t  that 
the 10-g case w a s  photographed at twice the film speed of the 1-g case. 
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Maximum Bubble Size 

7 

The f c  

0.02 .007 1 -0.56 

i n  r e f e r -  
ence 9: 

lowing expression for  the  m a x i m u m  bubble s ize  w a s  cvelopei  

= 0.0119 p d G  
where 0.0119 i s  an empirical constant and 

Vb volume of bubble 

p contact angle of bubble, deg 

0 surface tension 

a l o c a l  accelerat ion,  f t / sec2  

p 2  densi ty  of l i q u i d  ( sa tura t ion)  

densi ty  of gas ( sa tura t ion)  

This equation w a s  developed by assuming that the  m a x i m u m  s ize  of the bubble would 
coincide with the  l i f t - o f f  of the bubble from the surface.  The l i f t - o f f  would 
occur when the buoyancy force overcomes the surface tension force t h a t  r e t a i n s  
the bubble at the surface. 

The experimental. bubble-size da ta  a t  l i f t - o f f  were compared with the  pre- 
d i c t i o n s  from the F r i t z  equation. 
t a b l e .  Also tab lu la ted  a r e  the exponential. values of the accelerat ion required 
t o  convert the experimental bubble radius  from the  1-g case t o  the  experimental. 
bubble r a d i i  of multi-g cases. 

These comparisons a r e  l i s t e d  i n  the following 

Pressure, 
a t m  

1 

Acceler - 
a t ion ,  

g ' s  

1 

Maximum experi-  
mental radius,  

i n .  

0.05 - 0.07 

Maximum radius  
from F r i t z  
equation, 

i n .  

0.018 

Exponent 

r e l a t i o n  
on a/g 

Two i n t e r e s t i n g  observations can be made from this tab le .  First ,  f o r  the 
f l u i d  s t a t e  es tabl ished i n  the tank, the  F r i t z  equation as defined i n  reference S 
does not predict  the  m a x i m u m  s ize;  t h e  experimental bubble r a d i i  a re  greater  thar 
t h e  prediction. 
ta ined  with water and gaseous-hydrogen bubbles formed i n  highly d i l u t e d  solu- 
t ions;  presumably these da ta  were obtained a t  1 atmosphere. The experimental 
maximum bubble radii were taken from f igure  7 ,  and these represent bubbles grown 
i n  a 1-atmosphere environment. An even poorer agreement with the  F r i t z  equation 
w a s  observed f o r  the t e s t s  made a t  vacuum conditions ( 3  em Hg abs) .  The experi- 

The F r i t z  equation ( r e f .  9 )  i s  a cor re la t ion  of bubble data  ob- 
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mental bubbles were much l a r g e r  than those observed at 1 atmosphere. 
ribbon, which w a s  not the  same as t h e  one used t o  develop f igu re  7,  t he  maximum 
experimental bubble rad ius  at  t h i s  low pressure w a s  0.38 inch. 
d i f f e r e n t  heater  ribbons were used el iminates  any possible  comparison of t he  
bubble-size da ta  a t  t h e  two pressure l eve l s  because of t h e  differences i n  t h e  
s i t e  s izes .  

On a heater  

The f a c t  t h a t  two 

Even though the  absolute  magnitudes of  t he  bubble r a d i i  as predicted by the  
F r i t z  equation do not match the  experimental values,  the  changes i n  bubble s i z e  
with grav i ty  do follow the  t rend  predicted by the  F r i t z  r e l a t i o n .  
equation predic t s  t h a t  t he  bubble s i z e  diminishes with the  inverse square root  of 
t h e  grav i ty .  
experimental r e s u l t s .  It should be noted t h a t  t he  experimental r e s u l t s  cover a 
l imi t ed  range of g r a v i t i e s  (from 1 t o  7 g ' s ) .  
g rea te r  acce lera t ions  i s  needed before a generalized conclusion on the  grav i ty  
e f f e c t  can be f ina l i zed .  

The F r i t z  

T h i s  i s  approximately the  value of the  exponent derived from the  

Experimental information at  

This apparent disagreement between the  experimental bubble rad-ius and the  

F r i t z ' s  model assumes a s t a t i c  balance between 
High-speed motion p ic tures  of growing 

F r i t z  equation predict ions does r a i s e  ce r t a in  questions concerning the  e b u l l i t i o n  
model underlying the  equation. 
t h e  buoyancy force  and surface tension.  
bubbles, such as those presented i n  the  f i lm  supplement t o  t h i s  repor t ,  show very 
c l eas ly  t h a t  t he  circumstances surrounding the  l i f t - o f f  of a bubble a re  very dy- 
namic. Consequently, some i n e r t i a  e f f e c t s  have been omitted from the  F r i t z  
model. Figure 8 i s  a schematic representat ion of the  forces  present at bubble 
l i f t - o f f .  It is  e a s i e r  t o  enumerate these  forces  than it is  t o  weight them 
quant i ta t ive ly .  The force balance F on the  bubble can be expressed symboli- 
c a l l y  i n  t h e  following manner: 

x ' hydros t a t i c  + 'surface tension + x ' i n e r t i a  = o  

The hydros ta t ic  force  i s  the  summation of the  s t a t i c  pressure ac t ing  ex terna l ly  
on the  surface of the  bubble. It i s  conceivable t h a t  this summation of forces 
may i n  some s i t u a t i o n  ac tua l ly  a c t  t o  hold the  bubble against  t he  surface and may 
not be a buoyancy force at all. 
with respect  t o  the  bubble volume) or the  d i r ec t ion  of the  acce lera t ion  vector  
w i l l  determine whether t h i s  summation i s  a buoyancy or a re s t r a in ing  e f f e c t .  
l a t t e r  e f f e c t  i s  i l l u s t r a t e d  i n  the  movie supplement with the  film bo i l ing  of 
e-than01 i n  an inverted gravi ty  o r i en ta t ion .  

The geometry of t he  bubble ( s i z e  of the neck 

The 

The surface i n t e r f a c i a l  forces  always r e s t r a i n  the  bubble from leaving the  
heating surface.  Involved i n  the  in t e r f ac i a l - fo rce  terms must be the  surface 
tension,  t he  surface condition, and w e t t a b i l i t y  of t he  surface.  The la t ter  term 
i s  implied i n  F r i t z ' s  equation because of the  inclusion of contact angle p .  

The f irst  two terms of equation ( 2 )  a r e  included i n  a general  fashion i n  
F r i t z ' s  equation. The t h i r d  summation, t he  i n e r t i a  forces ,  i s  not included. Two 
i n e r t i a  e f f e c t s  a r e  considered impor'cant. 
f i g .  8)  s e t s  i n t o  motion a mass of l i q u i d  above -the bubble t h a t  tends t o  en t r a in  
the  bubble i n  i t s  wake. S t i l l  another i n e r t i a  effec'c i s  the  motion of a mass of 

Rapid growth of t he  bubble ( see  
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l i q u i d  (downwash) t h a t  sweeps around t h e  base of the  bubble when the  neck i s  
being generated. 
upward t h r u s t  from the  i n e r t i a  of t h i s  f i e l d .  
t h i s  downwash w a s  observed by the  authors of reference 7 when they made high- 
speed shadowgraph p ic tures  of boi l ing.  
i s  the  f a c t  t h a t  it does not include surface e f fec ts .  

Thus, there  i s  a tendency f o r  the  bubble base t o  experience an 
Some experimental v e r i f i c a t i o n  of 

Another l imi ta t ion  t o  t h e  F r i t z  equation 

.08 

.20 

.27 

Reference 7 contains a bubble-growth analysis  t h a t  l inks  bubble s i z e  t o  a 
c h a r a c t e r i s t i c  dimension of a site. Such a theory does account f o r  the spectrum 
of bubble s i z e s  found emanating from a c o m e r c i a l  surface. 

2 
4 
5 

S i t e  Activation 

During the course of the experimentation, several  heater ribbons were used. 
Each ribbon had d i f f e r e n t  surface conditions and thus produced d i f f e r e n t  s i t e  l o -  
cat ions.  With a given heater  ribbon, as many as 15 s i t e s  were ac t ive  at one time 
or another, bu t  at  no time were all s i t e s  ac t ive  at once. 

It w a s  noted t h a t ,  when the heat f l u x  w a s  increased f o r  a given accelera- 
t ion ,  t h e  number of ac t ive  s i tes  increased. The following tables i l l u s t r a t e  t h i s  
tendency f o r  an absolute pressure of 3 centimeters mercury with a heater ribbon 
t h a t  had a t o t a l  of nine s i t e s :  

I Heat flux, I Active1 

( s q  i n .  sec Bty( I sites I 
I 

Ordinary gravi ty  

0.035 1 .086 1 1 
Acceleration, 3 g ' s  h 

It has been shown ana ly t ica l ly  t h a t  a grea te r  spectrum of s i t e  s i z e s  becomes e f -  
f e c t i v e  at  t h e  higher heat f luxes ( r e f .  8 ) .  

Also of i n t e r e s t  i s  t h e  e f f e c t  of accelerat ion on the number of ac t ive  
s i t e s .  It has been mentioned previously i n  connection with f igure  5 t h a t  an ac- 
t i v e  s i t e  can be k i l l e d  by increasing the accelerat ion.  I n  f a c t ,  a t  a very mod- 
e r a t e  constant f l u x  (0.023 Btu/ (sq i n .  ) ( sec)  ), where boi l ing  i s  f irst  evident a t  
several  s i t e s  along the heater,  the number of si tes diminished as the  accelera- 
t i o n  increased. For instance,  with a par t icu lar  shielded heater geometry the 
t o t a l  number of s i t e s  f o r  a heat f l u x  of 0.023 Btu/( sq i n .  ) ( sec)  changed i n  the 
following manner: 
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Acceleration, 
g ' s  

1 

3 

Active 
s i t e s  

13 

7 

Reference 8 has been mentioned several  times throughout t h i s  r epor t .  It 
contains an ana lys i s  and experimental ve r i f i ca t ion ,  which ind ica t e  t h a t  there  i s  
a r e l a t i o n  between cavi ty  s i ze  and minimum heat f l u x  f o r  constant heat f l u x  b o i l -  
ing along a heating surface.  For the  convenience of the reader and t o  f a c i l i t a t e  
discussion, the model of bubble in s t iga t ion ,  which i s  bas ic  t o  the  analysis  of 
reference 8, i s  presented i n  f igure  9 .  The h is tory  of the  thermal l aye r  and the 
bubble nucleus i s  presented schematically. I n  f igure  9(a)  the  thermal l aye r  has 
zero thickness,  and consequently no thermal p r o f i l e  i s  developed. The condition 
f o r  the  i n s t i g a t i o n  of bubble growth i s  represented by the  c i r c l e  i n  the  
temperature-profile p l o t .  
t he  thermal p r o f i l e  i s  evident.  
s a t i s f y  -the thermodynamic condition f o r  bubble growth. 
a ry  l aye r  has grown s u f f i c i e n t l y  t o  s a t i s f y  the  thermodynamic condition f o r  bub- 
b l e  growth. This marks the  end of the waiting period. Note tha t ,  i n  t he  
sketches of the  temperature p ro f i l e ,  the  thermal-layer thickness i s  approximated 
by a l i n e a r  temperature d i s t r ibu t ion .  Reference t o  t h i s  approximation i s  made i n  
the  sec t ion  "Effect of Acceleration on Waiting Period." 

I n  f igure  9(b)  t he  thermal l aye r  i s  developing, and 
The p r o f i l e  has not thickened s u f f i c i e n t l y  t o  

I n  f igure  9 (c )  t h e  bound- 

9 

I n  reference 8, t he  thickness of the  laminar thermal l aye r  i s  assumed t o  be 
3000 microinches. This i s  the  approximate value t h a t  w a s  determined experimen- 
t a l l y  i n  reference 10. 
f e r r ed  through the  thermal l aye r  by molecular t ranspor t  (conduction) only, t he  
author of reference 8 ccmputed the  minimum- and maximum-size cavi ty  radius  t h a t  
would bear  a bubble a t  a given heat flux. 

Using t h i s  thickness and assuming t h a t  heat i s  t rans-  

I f  it i s  assumed t h a t  increasing the accelerat ion t h i n s  the  laminar-thermal- 
l aye r  thickness,  the  curve t h a t  es tab l i shes  the  minimum flux t o  cause a s i t e  t o  
be ac t ive  would depend upon the  acce lera t ion  l e v e l .  Such a family of curves i s  
presented i n  f igu re  10. 
convective heat t r a n s f e r  (no bo i l ing )  w a s  enhanced by increasing the  accelera- 
t ion;  it w a s  also pointed out  t h a t  the increase i n  heat t r ans fe r  seemed t o  follow 
a conventional Grashof co r re l a t ion  i n  which the  exponent on the  Grashof number i s  
0.25. S t a r t i n g  with a value of 3000 microinches f o r  ordinary gravi ty ,  the  l ami -  

the  0.25 power i n  computing the  curves shown i n  f igure  10. 

A s  w a s  mentioned i n  discussing f igure  5, t he  na tura l  

' nar l aye r  thickness w a s  diminished inversely with the  Grashof number ra i sed  t o  

4 

Superposed on f igu re  10 are ac tua l  da t a  poin ts  obtained from a heater  ribbon 
t h a t  had an obvious surface scratch approximately 0.001 inch wide. Figure ll i s  
a magnified p ic ture  of t h i s  s i t e .  Fortunately,  t h i s  w a s  an i so l a t ed  s i te  and it 
w a s  near one of t he  surface thermocouples so  t h a t  t h e  e f f e c t  of e b u l l i t i o n  on 
surface temperature w a s  apparent. Figure 1 2  i s  a family of bo i l i ng  curves i n  
which the  surface temperature da t a  were obtained from the  aforementioned thermo- 
couple. The approximate point  where bo i l ing  begins f o r  each curve i s  marked by 
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a s o l i d  symbol. 
measured s ize  of the s i t e  scratch comprise the da ta  used i n  the labeled poin'cs i n  
f igure  10. 
r i g h t  of the respective curves marking the minimum threshold of heat f l u x  
( f i g .  10) f o r  each accelerat ion.  

The heat f luxes f o r  inc ip ien t  bo i l ing  from f igure  1 2  and the 

It i s  i n t e r e s t i n g  t o  observe t h a t  these da ta  points  all f a l l  t o  t h e  

From f igure  10 it i s  therefore  concluded t h a t  increased accelerat ion t h i n s  
the  laminar l a y e r  and thus promotes a higher threshold of heat flux before a bub- 
b l e  can be conceived a t  a given s i t e .  

Ef fec t  of Acceleration on Waiting Period 

I n  reference 7 the waiting period i s  defined as the time i n t e r v a l  beginning 
with the separation of a bubble from the  surface and ending where a new bubble 
appears (see f i g .  9 ) .  When a bubble leaves a s i t e ,  the thermal boundary l a y e r  i n  
t h a t  v i c i n i t y  i s  p a r t i a l l y  destroyed. The waiting period represents  the  time r e -  
quired f o r  the  thermal layer  t o  r e e s t a b l i s h  i t s e l f .  
p r i s e s  the  waiting period and the  bubble-growth period. 
reference 7 ,  the  waiting period may be grea te r  than, equal t o ,  o r  l e s s  than the  
growth period. I n  any case, t h e  waiting period or t he  r a t i o  of t he  waiting pe- 
r i o d  t o  t h e  growth period i s  important i n  describing the bubble e b u l l i t i o n  proc- 
e s s  and the attendant heat t r a n s f e r .  

The period of a bubble com- 
A s  i s  pointed out i n  

The high-speed movies show t h a t  the r a t i o  of the waiting period t o  growth 
period at a given s i t e  increases with magnitude of the accelerat ion.  
stance, at  ordinary gravi ty  the r a t i o  of the waiting period t o  the growth period 
for th ree  successive bubbles a t  a s i t e  w a s  2.06, 5.8, and 2.06 at the  same s i t e ,  
but  at 7 g ' s  t h i s  r a t i o  went t o  10 f o r  two successive bubbles. 

For in-  

This t rend i s  explainable i n  terms of the model f o r  bubble growth presented 
i n  reference 7 .  The t rend i s  a l s o  consis tent  with t h e  deact ivat ion of s i t e s  ob- 
served when the  accelerat ion i s  increased ( f i g .  5 ) .  When a s i t e  i s  deactivated, 
the  waiting period goes t o  i n f i n i t y .  

The bubble-growth model presented i n  reference 7 s t ipu la ted  t h a t  the  thermal 
l a y e r  could be approximated by a l inear ized  temperature p r o f i l e .  
i n  the following sketch, the  thermal l a y e r  i s  divided i n t o  two regions.  

A s  i s  pictured 
Over a 

Temperature 
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thickness 6 ,  the  hea-t t ranspor t  mechanism i s  assumed t o  be conduction only. Be- 
yond t h i s  6, eddy d i f fus ion  controls  the  heat- t ransfer  mechanism, and the f l u i d  
temperature i s  constant and equal t o  the bulk  temperature. The eddy d i f fus ion  i n  
t h i s  region i s  control led by the tank and heater geometry as well  as the acceler-  
a t i o n  magnitude. A t  high accelerat ions,  the  eddy d i f f u s i v i t y  i s  enhanced, which 
r e s u l t s  i n  a thinning of t h e  laminar sublayer 6 .  A s  i s  shown i n  f igure  10, 
thinning of the  thermal l a y e r  increases  the  heat-flux threshold necessary for eb- 
u l l i t i o n .  If a t r a n s i e n t  conduction mechanism i s  assumed i n  the laminar thermal 
layer ,  a longer time period w i l l  be required t o  s a t i s f y  the thermodynamic s t a t e  
a t  some dis tance xb 
grow i n t o  a bubble. T h i s  i s  t h e  same as saying the  waiting period w i l l  be 
longer. 

away from the  surface (see f i g .  9)  before a nucleus w i l l  

CONCLUDING REMARKS 

The degree of subcooling i s  more i n f l u e n t i a l  i n  control l ing the  pool-boiling 
heat f lux than i s  accelerat ion.  
w a r d  t h e  heater surface,  (1) does improve the  natural-convection component of 
heat t r a n s f e r  t h a t  i s  present w i t h  nucleate boi l ing ,  ( 2 )  delays the  incipience of 
bubbles a t  a s i t e  t o  a higher heat-flux threshold, and (3) reduces the  m a x i m u m  
s i z e ,  growth r a t e ,  and frequency of d i s c r e t e  bubbles emanating from a s i t e .  D i -  
r e c t i n g  the  accelerat ion vector  away from the  heater leads  t o  f i l m  b o i l i n g  a t  
modest heat f luxes .  

Increasing the accelerat ion,  when d i rec ted  to-  

SUMMARY OF RESULTS 

Over the  range of accelerat ions,  l i q u i d  s t a t e s ,  and heater geometries em- 
ployed i n  these t e s t s ,  the  following observations concerning the b o i l i n g  process 
i n  a multi-g environment can be s ta ted:  

1. Acceleration when d i rec ted  toward the  heater  geometry does increase t h e  
heat-flux threshold necessary f o r  the incipience of bo i l ing  at  a s i t e .  Accelera- 
tion, however, has little e f fec t  on the boi l ing  mechanism a t  high heat f luxes 
w e l l  beyond the  threshold of incipience where vapor columns rather than discrete  
bubbles are evident. This observation i s  i n  agreement with the  results obtained 
by Merte and Clark. 

2 .  It was observed that subcooling had a pronounced e f f e c t  on the nature  of 
the boi l ing  curve. Even s m a l l  changes on the order of 2 O  F produced s i g n i f i c a n t  
changes; thus,  subcooling appears t o  be a more s igni f icant  parameter than accel-  
e r a t i o n  i n  determining the heat t r a n s f e r  associated w i t h  boi l ing.  

3. Near the  inc ip ien t  b o i l i n g  condition, increasing the accelerat ion de- 
creases the number of ac t ive  s i t e s .  This  t rend w a s  consis tent  w i t h  the  theory 
t h a t  pred ic t s  t ha t  some s i t e s  would ''die'' i f  the accelerat ion w a s  increased. 

4. Increasing the accelerat ion d id  improve natural. convection. This w a s  
evident i n  both the  nonboiling and b o i l i n g  conditions.  
some of -the surface i s  t r a n s f e r r i n g  heat by na tura l  convection as wel l  as by the  
b o i l i n g  mechanism; thus the t o t a l  heat t r a n s f e r  cons is t s  of b o i l i n g  and convec- 
t i v e  contributions.  For nonboiling conditions, changes i n  accelerat ion produced 

I n  t h e  b o i l i n g  regime, 
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increases  i n  heat t r ans fe r  as predicted by Grashof number r a i sed  t o  the  0.25 
power. 
ab le  to t he  improved natural-convection component of heat t r ans fe r .  

Perhaps the  enhanced burnout f l u x  at multi-g accelerat ions i s  a t t r i b u t -  

5. The geometry of the  heater  tank does influence the  heat t r ans fe r .  When 

T h i s  
-the heater  ribbon w a s  surrounded by a chimneylike shield,  t he  heat f l u x  fo r  a 
given temperature difference w a s  l e s s  than when no shielding w a s  present .  
i s  fu r the r  evidence of the  s ignif icance of f r e e  convection on the  overa l l  heat 
t ranspor t .  

6 .  The growth r a t e  and maximum bubble s i z e  a re  diminished by increasing the  
acce lera t ion .  

7 .  For e b u l l i t i o n  there  i s  a t rend for the  r a t i o  of the  waiting period t o  
the  growth period t o  increase with accelerat ion.  
comes inac t ive  can a l so  be labeled as the  occurrence of i n f i n i t e  waiting period; 
thus,  it can be reasoned t h a t  t he  e f f e c t  of accelerat ion dr ives  the  waiting 
period toward i n f i n i t y .  
presented i n  NASA TN D-594. 

The s i t u a t i o n  when a s i t e  be- 

Such observation i s  consis tent  with the  bo i l ing  model 

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, January 2 ,  1963 
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Figure 7. - Effect of acceleration on bubble growth. B u l k  temperature, -200' F; water, 1 atmosphere. 
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Figure 8. - Schematic of forces acting on growing bubble. 
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Figure 9. - Schematic of bubble instigation requirements and definition of 
waiting period. 
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Figure 12.  - Pool  bo i l ing  a t  i so l a t ed  s i t e  o f  hea te r .  Water, 1 atmosphere. 
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